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ABSTRACT
When an organic molecule is excited electronically by absorp­
tion of ultraviolet light, many subsequent processes may occur. If the 
excited state is unstable the molecule may dissociate into radicals or 
ions; these may undergo electronic transition which may be detected. 
Other possible processes include fluorescence, the transition from the 
first excited singlet state to the ground state, and phosphorescence, the 
transition from the lowest triplet state to the ground state. If higher 
states are excited there may occur internal conversion to a lower state. 
In many cases there may occur intersystem crossing from the lowest 
excited singlet state to the lowest triplet state. Still other processes 
are possible, but this research is concerned primarily with those men­
tioned above.
Irradiation of benzyl chloride, benzal chloride, benzalde- 
hyde, o-chlorotoluene, o-bromotoluene, benzyl sulfide, benzyl ether, 
benzyl ethyl ether, and possibly o-iodotoluene while they are dissolved 
in rigid media at 77° K. causes the same phosphorescence spectrum to 
be observed. The spectrum is assigned to phenyl carbene, a photolysis 
product, and the assignment is supported by evidence. A common 
emission from benzotrichloride and benzoyl chloride under the same 
conditions is attributed to phenyl chlorocarbene. Further, under the
same conditions, N-4, 4 '-dimethoxybenzohydrilidene benzyl amine is 
shown to yield N-4, 4*-dimethoxybenzocarbene; detection was accom­
plished through its phosphorescence. A comparison of these results 
with those of other workers is made, and conditions are stated under 
which dissociation may occur.
The emission and absorption spectra of acenaphthene, 
acenaphthylene, and fluoranthene are reported from both fluid solu­
tions at 23° C. and rigid glassy solutions at 77° K. Acenaphthene gives 
the expected fluorescence and phosphorescence similar to naphthalene in 
energy and differing from those of naphthalene in vibrational structure.
No acenaphthylene emission is found. A long wavelength absorption 
observed in the acenaphthylene spectrum is assigned to a van der 
Waals complex of acenaphthylene molecules. Two fluorescences and 
two phosphorescences are obtained from fluoranthene. These emissions 
of fluoranthene are believed to be real and caused by independent excita­
tion of the naphthalene-like and benzene-like parts of the molecule; how­
ever, the interaction between the parts is considerable. This interaction 
is sufficient to displace the emissions of both parts to lower frequencies 
than those that the emission of each part, if independent, would show; 
corresponding effects are observed in the absorption spectra. Absorp­
tion bands of fluoranthene are assigned to transitions involving the 
naphthalene-like and benzene-like parts. Assignments of the transitions
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of fluoranthene are supported by theoretical considerations. These re ­
sults are summarized along with those of azulene, the pleiadienes, and 
dimethyl fulvene, and a tentative principle, based on Huckel's rule for 
aromaticity, is stated for prediction of the occurrence of light emission 
by non-alternant hydrocarbons.
The electronic states of fluorene, dibenzofuran, dibenzo­
thiophene, and carbazole are reported and interpreted. The influence 
of structural relationship on similarity of spectra is discussed. All 
four molecules show triplet states of about the same energy, but first 
excited singlet states of different energies. The phosphorescence 
emissions show similar vibrational structures, but the fluorescence 
emissions show quite different vibrational structures. The differences 
in energies between the first excited singlet states and the triplet 
states vary in the same manner as the fluorescence energies, since 
the triplet levels are almost equal in energy. The variation in the 
fluorescence energies is explained on the basis of the influence of 
charged resonance structures on the electronic energy levels. A 
triplet state configuration is suggested to explain the similar phospho­
rescences. Similarity of phosphorescence spectra of iso-electronic, 
and especially isosteric, molecules does not extend to fluorescence 
spectra because of the influence of charged resonance structures.
INTRODUCTION
The e le c t ro n ic  s t r u c tu r e s  of o rgan ic  m olecu les  a r e  of p r i ­
m a r y  im po r tance  in th e m se lv e s  and in r e la t io n  to m o le cu la r  re a c t iv i ty .  
S pec t ro sc op y ,  th rough  the study of the e le c t r o n ic  en e rg y  l e v e ls ,  p r o ­
vides a pene t ra t ing  ins igh t  into these  e le c t ro n ic  s t r u c t u r e s ,  and yields 
in fo rm at ion  which is invaluable in the developm ent  of th e o r ie s  to 
explain  m o le c u la r  s t r u c tu r e  and re a c t iv i ty .
The ab so rp t io n  s p e c t r a  of n um ero us  o rgan ic  compounds nave 
been  su c c e s s fu l ly  c o r r e l a t e d  with s t r u c tu r e  and ca ta logued  ' 1 - 16), 
n e v e r th e le s s ,  th e re  r e m a in  to be so lved  many im p o r ta n t  p ro b le m s ,  
bo th  th e o re t i c a l  and  e x p e r im e n ta l .  A g e n e ra l  d is cu ss io n  of such  a 
b ro a d  f ie ld  will not be given h e r e ,  but  spec i f ic  points will be d i s c u s se d  
l a t e r  in a p p ro p r ia te  context.
Knowledge of m o le cu la r  e m is s io n  s p e c t r a  is m uch  le s s  com 
pie te , for  in th is  c a se  e x p e r im e n ta l  conditions m u s t  be m o re  r i g o r ­
ously  defined, and even so  in te rp re ta t io n s  a r e  l e s s  c e r ta in .  A f ter  a 
m olecu le  has been  r a i s e d  to an e l e c t r o n ic a l ly  ex c i ted  s ta te ,  many 
p r o c e s s e s  com pete  with tha t  of r e t u r n  to  the g round  s ta te  by e m is s io n  
of l ight.  Only the m o re  fundam en ta l  a s p e c t s  of a few of th ese  will be 
b r i e f ly  rev iew ed  h e re ;  developm en t  of c a s e s  p e r t in en t  to th is  r e s e a r c h  
will be cont inued in l a t e r  c h a p te r s .
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2When complex organic molecules in a rigid, glassy solution 
are excited by ultraviolet light, in general not more than two distinct 
emissions are observed. The higher energy emission has a relatively 
short lifetime and the lower energy emission a relatively long lifetime. 
Chiefly through the endeavors of Lewis and his co-workers it has 
been shown that for most molecules these emissions may be distin­
guished on the basis of the spin multiplicity inter-combination selection 
rule (17). The spin multiplicity of a state is given by one plus the 
number of unpaired electrons. A triplet state, or diradical, has two 
unpaired electrons and thus has a multiplicity of three. A doublet 
state, or free radical, has one unpaired electron and thus has a multi­
plicity of two. A singlet state, such as the ground state of most organic 
molecules, has no unpaired electrons and thus has a multiplicity of 
one. Ignoring other considerations, transitions between states of 
like multiplicity are allowed and are short-lived; those between 
states of unlike multiplicity are forbidden and are long-lived.
Through spectroscopic (18-20) and magnetic (21, 22) 
studies the long-lived emission has been associated, in most cases, 
with the transition from the lowest triplet state of the molecule to 
its ground singlet state. The short-lived emission arises from 
the transition from the lowest excited singlet level to the ground 
singlet level. In accordance with this distinction the term 
fluorescence is applied to those emissions which involve states
3of like multiplicity, and the term phosphorescence is applied to those 
emissions which involve states of unlike multiplicity.
Extensive evidence supports the conclusion that phospho­
rescence is a triplet-singlet transition (23). Within limits phospho­
rescence decay has been shown to be exponential and, except for 
viscosity effects, nearly independent of temperature (18), as would 
be the case for a spontaneous unimolecular emission. Wide-angle 
interference-pattern studies indicate that phosphorescence emission 
is electric dipole in character (24). The expected paramagnetism 
of the triplet state has been demonstrated (21, 22) and the measured 
phosphorescence lifetimes have been found, in most cases, to lie in 
a range appropriate to a multiplicity forbidden transition and to 
correlate with molecular structure (25). Phosphorescence has been 
shown to be enhanced by heavy atom substituents, which tend to op­
pose the inter combination prohibition; these heavy atom substituents 
also increase the fine structure of the emission to a noticeable ex­
tent (19). In many cases the phosphorescent level has been associated 
with a weak singlet-triplet absorption (20); singlet-triplet absorptions 
have been shown in a number of cases to be enhanced by internal (26) 
and external (27) heavy atom perturbation of the spin-orbital coupling 
(17, 28, 29).
The mechanism of excitation of the triplet state has been
described by Kasha (23, 30) on the basis of an assumed intersection
4of potential hypersurfaces of the first excited singlet state and the 
lowest triplet state. By internal conversion is meant the rapid 
radiationless combination of excited electronic states; sometimes 
this term is used to refer only to combination of states of like multi* 
plicity. By intersystem crossing is me ant the radiationless combi* 
nation of excited electronic states of different multiplicity. A 
molecule reaches a highly excited singlet state by direct absorption 
of energy from the ground singlet state with the emission of light, 
or fluoresce. On the other hand, because of the above mentioned 
intersection of potential energy hyper surfaces, it may undergo inter - 
system crossing to the lowest triplet state, followed by vibrational 
cascade to the lowest vibrational level of the triplet state, from 
which phosphorescence emission occurs. Besides being in excellent 
agreement with experimental observations, this mechanism provides 
a satisfactory interpretation for the otherwise unexplained lack of 
agreement between spectroscopic and thermal energy differences 
between the first excited singlet state and the lowest triplet state 
of some dye molecules (31).
In some cases  it has been possible to build up sufficient 
population of the lowest t r ip le t  state to observe transit ions to higher 
t r ip le t  s ta tes {32, 35).
Besides excitation of fluorescence or phosphorescence, 
ultraviolet irradiation of organic molecules in rigid media may
5resu l t  in photo-oxidation or photo-dissociation into radicals  or ions 
 ^36-42), these can undergo electronic transit ions  J43, 44). In many 
cases  the emission observed may be, not that of the original m ole­
cule, but that of a species produced from the original molecule by 
absorption of the high frequencv light. Although such a species may 
have only a t rans ient  lifetime in fluid media, it may be of major  im ­
portance in reaction mechanisms, a knowledge of such in termediates 
is desirable.
The purpose of the r e se a rc h  repor ted  here has been th r e e ­
fold. F i r s t ,  an attempt has been made to check, improve, and e x ­
tend existing theories of molecular electronic spectra .  Second, an 
a ttempt has been made to discover and investigate cases of photo­
dissociation and to character ize  the species produced. Third, an 
attempt has been made to apply existing theories and knowledge of 
molecular electronic spectra ,  through the interpretation of e m is ­
sion and absorption spect ra ,  to the study of the electronic s truc tu res  
of molecules.
The photochemical production and phosphorescence spectra  
of some carbenes , the electronic states of selec ted  non-alternant 
hydrocarbons, and the relationships among the f luorescences and 
phosphorescences of a se t  of iso-e lectronic  molecules are  reported  
herein. The resul ts  and conclusions are  co rre la ted  with those ob­
tained from s im i la r  systems by other workers.
EXPERIMENTAL. METHODS
All the compounds used in this  study were  obtained c o m ­
m e rc ia l ly  except acenaphthylene and benzal  az ine .  The acenaphthy ­
lene was p re p a re d  according to the method of F low ers  and M iller  
(45, 46). Acenaphthene was re a c te d  with g lac ia l  acet ic  ac id  and 
lead  te t rox ide  to fo rm  1-acetoxy acenaphthene, which was then 
pyrolyzed a t  520° C. to yield  acenaphthylene. P re l im in a ry  p u r i f i ­
cation of the acenaphthylene was accom pl ished  by vacuum d is ti l la t ion  
in the p resen ce  of sm al l  amounts of quinol to inhibit polym eriza t ion.  
Benzal azine was p re p a re d  by adding benzaldehyde to a solution of 
hydrazine sulfate in dilute aqueous am m onia ,  with s t i r r in g ,  followed 
by r e c ry s ta l l iz a t io n  f rom  ethanol and drying in a vacuum d ess ica to r  
over C a C ^  (47).
All the compounds were pur if ied  by rep ea ted  vacuum f r a c ­
tional d is t i l la t ion  of the liquids and r e c ry s ta l l i z a t io n  of the solids,  
until no changes were observed  in the sp e c t r a .  Acenaphthene, 
acenaphthylene, and fluoranthene were fu r ther  pur if ied  by form ation 
of the p ic ra te ,  f rac t iona l  re c ry s ta l l iz a t io n  of the p ic ra te ,  r e g e n e r a ­
tion of the compound, and finally r e c ry s ta l l i z a t io n  of the compound, 
F luoranthene was purif ied  s t i l l  fu r th e r  by chrom atography ,  using a 
1:1 mixture  of s i l ic ic  ac id  and celite as  adsorban t  and absolute
7alcohol as solvent. P ro g re s s  of the fluoranthene down the column 
was followed by means of its f luorescence under u ltraviole t  light.
The solvents used in this study included, both pure and in 
various combinations, absolute ethanol, anhydrous ethyl ether,  
isopentane, methyl cyelopentane , methyl cyclohexane, and ethyl 
iodide. Anhydrous ethyl e the r  and absolute ethanol were used 
without fu r ther  purification. Hydrocarbon solvents were purified 
by washing with concentra ted  {fuming) sulfuric  acid, washing with 
w ater ,  washing with sodium carbonate solution, washing with water ,  
drying over sodium wire or magnesium  sulfate , and finally distilling 
them until they showed no significant absorpt ion  in the near  u l t r a ­
violet region. The ethyl iodide was purified  by distillation over 
m e rc u ry  immedia te ly  before  use.
Three low tem p era tu re  g la s se s ,  EPA, PH, and PM P, were 
used in the studies rep o r ted  h e re .  EPA is a mixture by volume of 
5 pa r ts  anhydrous ethyl e th e r ,  5 par ts  isopentane, and 2 par ts  a b ­
solute ethanol. PH contains equal volumes of methyl cyclopentane 
and methyl cyclohexane. P M P  is a m ixture  by volume of 8 parts  
isopentane and 5 par ts  methyl cyclopentane. Each of these mixtures 
forms a homogeneous, t ra n sp a ren t ,  solid  solution when cooled to 
77° K. EPA and PH con trac t  to about 75% of the i r  original volume 
upon cooling to 77° K. ; PM P contrac ts  much le ss ,  and is a less  
r igid g la s s .
8The infrared spectra, in the 2-15 micron region, were ob­
tained using a Per kin-Elmer Model 21 Recording Infrared Spectro­
photometer. Pure compounds were studied in the case of liquids; 
solids were studied in potassium bromide pressed dies.
The visible and near ultraviolet spectra were obtained using 
a Beckman Model DK-1 Recording Spectrophotometer. A Beckman 
Model DU Quartz Photoelectric Spectrophotometer fitted with thermal 
spacers was used to study the temperature dependence of the long 
wavelength absorption of acenaphthylene. In each case 1 cm. silica 
cells were used.
The ultraviolet and short wavelength visible absorption 
spectra at 77° K. and at 23° C. were obtained photographically by 
the use of a Bausch and Liomb medium quartz spectrograph and a 
Hanovia 71-3 hydrogen discharge tube for a light source.
All emission spectra reported here were recorded photo­
graphically on Eastman Kodak Spectroscopic Plates.
Observation of total emission was accomplished by two 
fluorescence methods, which allowed radiation of restricted fre­
quency from a General Electric Company high pressure A-H6 
mercury arc to impinge as nearly as possible on the same part of 
the surface of a sample that faced the entrance slit of the spectro­
graph. The frequency restriction was accomplished either by pass­
ing the A-H6 radiation through a series of filters or by passing the
9A-H6 radiation through a Van Cit ter t  Quartz double monochromator; 
these methods are  d iagrammed in Figures  1 and 2, respectively.
In e ither case no effort was made to prevent the exciting radiation 
from entering the spectrograph; this sca t te red  excitation radiation 
gave a record  on each plate of the frequency of the exciting light. 
Different f i l te r  combinations were used. These were f i l te rs  C' 
and D as described by Kasha (48); these isolated the ranges of 
2850-3400 A and 2550-2950 A respectively.
The long- lived  emissions (phosphorescences) were detected 
independently of the f luorescences by the use of a conventional phos- 
phoroscope made of slotted c i rcu lar  vanes revolving about a h o r i ­
zontal axis .  In this phosphorescence method the samples were 
placed between the blades of the phosphoroscope so that alternate ly  
the exciting light from the arc  reached the sample and the phospho­
rescence  light from the sample reached the spectrograph. Except 
for very small amounts of light which were multiply reflected, no 
exciting light entered the spectrograph, nor did any fluorescence 
light. Excitation radiation was the total radiation of the A-H6 arc  
impinging on the face of the sample opposite to the one that faced 
the spectrograph. The experimental ar rangem ent for the phospho- 
r os cope method is d iagrammed in Figure 3. The ra tes  of revolu­
tion of the mult i-s lo tted  vanes of the phosphor oscope were about 
2000 revolutions per minute.
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O A
[ )
C 3 F
A A-H6 m e r c u r y  a r c  
Li I S p h e r ic a l  lens 
H A rc housing 
B Baffle 
F  F i l t e r  t r a in
T T e s t  tube contain ing sam p le  
D Dewar v e s se l  
L« 2  C y l ind r ica l  lens 
S S p e c t ro g rap h
F ig u re  1. E x p e r im e n ta l  a r r a n g e m e n t  for the f lu o ­
r e s c e n c e  m ethod  with f i l te r s .
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0
'1
A A-H6 m ercu ry  arc  
Li j Spherical lens 
H Arc housing 
B Baffle
L>2 , Cylindrical lenses 
M Quartz double monochromator 
T Test tube containing sample 
D Dewar vessel 
S Spectrograph
Figure 2. Experimental ar rangem en t  for the fluorescence 
method with monochromator.
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S
T
D
A A-H6 m e rc u ry  a rc  
L j  Spher ica l  lens 
H Arc housing 
M Phosphoroscope motor 
Vj 2  Phosphoroscope vanes 
T Test tube containing sample 
D Dewar vesse l  
B Baffles
Cylindrical  lens 
S Spectrograph
Figure  3. expe r im en ta l  a r rang em en t  for  the phosphoroscope 
method.
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In the experiments performed at 77° K. , the quartz teat tubes 
in which the samples were placed were immersed directly in liquid 
nitrogen contained in a transparent quartz dewar vessel.
The plate blackenings obtained from both emission and ab- 
sorption work were traced and recorded using a Leeds and Northrup 
recording microphotometer. Drawings made from these tracings 
and shown on later pages have arbitrary plate blackening scales, and 
the intensities of different spectra are not comparable.
Frequencies of the emission bands were determined by com­
parison with those of the helium and iron spectra. From the micro­
photometer tracings a dispersion curve was constructed from the 
known helium and iron frequencies. The distances of the molecular 
emission peaks to the nearest calibration peaks were measured with 
a ruler because no comparator was immediately available. Using 
the i.ieasured distances and the dispersion curve the band frequencies 
were determined. It seems likely that the error in band position is 
less than 50 cm~ ^.
PHOTOCHEMICAL PRODUCTION AND PHOSPHORESCENCE 
SPECTRA OF PHENYL CARBENE AND RELATED SPECIES
The identity and properties of unstable products that result 
from the photolytic decomposition of polyatomic molecules constitute 
information quite important in the study of molecular structure and re* 
activity. Some radicals and ions which are stable enough to exist in 
appreciable concentrations at equilibrium under normal conditions have 
been studied by Lewis and Lipkin (36). However, little information is 
available concerning species too unstable to exist in appreciable con­
centrations at equilibrium under normal conditions. Their transient 
existences and extreme reactivity make them difficult to investigate.
Even short-lived species can interact with light, and the re ­
sulting spectra can provide valuable clues to their structures. Schuler 
and his co-workers (49-56) have studied emissions from what are 
probably aromatic radicals produced in a Schuler type discharge tube. 
Tentative assignments of spectra to the benzyl and benzal radical 
(phenyl carbene) were made, and a stepwise decomposition process 
suggested. Walker and Barrow (57) reported emissions which were 
obtained from several benzene derivatives in gas discharge tubes and 
concluded that the emitter was probably C6H5C or a form containing 
less hydrogen, and perhaps charged. Short-lived products of the 
photolysis of benzene derivatives in the gas phase were detected by
14
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means of their absorption spectra by Porter and Wright (58), who re ­
ported the benzyl radical as a primary photochemical product.
When compounds are photolyzed in rigid media the atoms and 
radicals are trapped. Presumably some heat energy from the reac­
tion softens the glass sufficiently to permit the fragments to separate, 
and they are trapped when the glass resolidifies on recooling.
Whether this mechanism is necessary is uncertain. Absorption spectra 
of radicals trapped in this manner have been studied by Linschitz, 
Berry, and Schweitzer (40), and also by Norman and Porter {41, 42), 
whose identification of the benzyl radical as a primary photochemical 
product will be discussed later. £lectron.-spin resonances of radicals 
trapped in such rigid glasses have been reported by Ingram (59).
The spectrum attributed here to phenyl carbene is the same 
as that reported by Lewis and Kasha as the triplet-singlet emission 
of benzaldehyde (19); however, the assignment of this spectrum has 
been much disputed. The lifetime of the emission, and also those of 
ketones and other aldehydes, seems much too short for it to be a 
triplet-singlet emission. The longest wavelength absorption (60), to 
which the emission of benzaldehyde should correspond, has been 
associated with the excitation of a non-bonding electron of the oxygen 
atom to a repulsive pi orbital (61-63). Kasha (30) and Platt {64) have 
discussed the characterization of such n - pi transitions. Kasha sug­
gests that the long-lived emissions from carbonyl, thioketo,
16
N-heterocydic, nitroso, and nitro compounds are all pi - n transi­
tions. An empirical correlation of electronic spectra, including the 
supposed n - pi spectra, has been accomplished by Platt; however, 
no substantiation for n - pi transition assignments was indicated (65). 
McConnell has shown that polar solvents cause a shift toward higher 
frequencies for n - pi absorptions; he explains this as a solvation 
effect (66). There has been difficulty in associating pi - n emis­
sions with appropriate absorptions; Reid has suggested that they 
should be roughly associated with the lowest singletrsinglet ab­
sorption (67). He also demonstrated that the long-lived emission 
of pyridine, an N-heterocyclic molecule, is not a pi - n emission.
In general, many absorptions have been demonstrated to be n - pi 
absorptions, and supported by strong evidence; however, the 
assignment of pi - n emissions is on weaker grounds.
The data obtained in this study indicate that, at least for 
carbonyl compounds, the long-lived emissions are not to be a t­
tributed to pi - n emissions of the compounds, but to the pi - n 
emissions of carbene species, or their pi - pi emissions.
In the experiments reported here a common emission 
spectrum was observed from ultraviolet irradiated solid solutions 
of benzyl chloride, benzal chloride, benzaldehyde, o-chloro toluene, 
o-bromotoluene, benzyl sulfide, benzyl ether, benzyl ethyl ether, 
and possibly o-iodotoluene; the spectrum is attributed to phenyl
17
carbene. The spectrum obtained from benzoyl chloride and benzotri- 
chloride under the same conditions is attributed to phenyl chloro- 
carbene, A similar spectrum is attributed to 4, 4'-dimethoxybenzo- 
carbene, and reassignment of the long-lived emission of benzophenone 
to diphenyl carbene is suggested. Different spectra were observed 
from benzoic acid, m-chlorotoluene , m-bromotoluene , 1,4-dibenzoyl- 
butane, and benzil; no emission was observed from benzal azine or 
from dibenzoyl methane.
In Table 1 are listed the frequencies of the phosphorescence 
bands that were obtained from rigid solutions of a number of com­
pounds. All of these compounds give a common emission; although 
benzyl ethyl ether is not included in the table, it gives an emission 
identical with that of benzyl ether. The relative intensities of the 
common bands are the same for all the substances. As usual longer 
exposures cause weaker bands to appear on the plate at lower ener- 
gies.
Impurities may be responsible for some of the bands that 
were obtained from one of the benzyl chloride solutions because the 
benzyl chloride was not repurified just prior to the observation of 
this spectrum. These possible impurity bands axe marked with an 
asterisk in Table I. It is possible that they are bands of the 
phosphorescence of unchanged benzyl chloride.
The band obtained from o-chlorotoluene solutions, and
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T A B L E  I
Compounds Yielding a Common Emission
C ompound
Frequency emitted (cm~^) 
in EPA in PH
Benzyl chloride 25050
23440
21890
26060*
25330
24390*
23660
2 2 6 6 0 *
2 2 0 1 0
20500
Benzal chloride 25090
23480
21880
Benz aldehyde 25040
23460
21840
20180
18460
16930
15360
o-Chlorotoluene 25040
24140*
23440
o-Bromotoluene 25060
23500
21910
25170
23520
21770
Benzyl sulfide
Benzyl ether
25040
23520
21930
28860*
27820*
27280*
26320*
24780
23500
21980
28830*
27760*
27220*
26250*
25220
23590
21910
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marked with an asterisk in Table I, is believed to be caused by a 
permanent product of photolysis. The spectrum obtained from o- 
chlorotoluene was very diffuse and appeared to be superimposed 
on a weak background spectrum of unidentified origin.
The bands obtained from benzyl ether that are marked with 
an asterisk in Table 1 were found to be the same as the normal 
phosphorescence bands of toluene and are probably the normal 
phosphorescence bands of benzyl ether. Identical spectra were 
obtained from benzyl ethyl ether. It is possible that the toluene* 
like bands are from another radical species resulting from rear* 
rangement of the fragments produced. The other bands seem to 
be the system found in the other compounds in the table, but they 
are displaced slightly by the underlying bands of the toluene-like 
spectrum.
A spectrum was obtained from o-iodotoluene that fell in the 
same frequency range as the other spectra mentioned above, but it 
was too faint to permit tracing or to determine definitely its identity 
with the common spectrum.
Comparison of the spectra that were obtained from EPA solu­
tions of the different compounds shows that the frequencies of analogous 
bands of the spectra agree well.
The bands obtained from PH solutions of the compounds are 
in general displaced to higher frequencies than those obtained from
20
EPA solutions, but the spectra are otherwise comparable. The solvent 
effect applies also to the spectra of other carbene species reported 
later in this section.
Figure 4 shows reproductions of the microphotometer trac­
ings of the plate blackenings produced by the emission spectra ob­
tained from irradiation of representative compounds, benzyl chloride 
and o-bromotoluene. Figure 5 shows a reproduction of the micro­
photometer tracing of the plate blackening produced by the emission 
spectrum obtained from benzyl ether, together with the spectrum of 
toluene and that shown in Figure 4.
Attempts to observe emissions from liquid solutions of these 
compounds at room temperature by a fluorescence method were un­
successful. At 77° K. only the phosphorescence spectra were ob­
served by the fluorescence method.
The emission assigned to phenyl carbene was moat intense 
from benzaldehyde , moderately intense from benzyl chloride, benzal 
chloride, benzyl ether, and benzyl ethyl ether, farily intense from 
o-bromotoluene and benzyl sulfide, weak from o-chlorotoluene, and 
extremely weak from o-iodotoluene.
Initially all the phosphorescence spectra were suspected to 
be that of benzaldehyde. After purification just before observation 
of the emissions, the infrared spectra were obtained and no con­
tamination of the compounds by benzaldehyde could be detected.
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Figure 6 shows reproductions of the microphotometer trac­
ings of the plate blackenings produced by the emission spectra obtained 
from the irradiation of benzotrichloride in EPA and both benzotri- 
chloride and benzoyl chloride in PMP. The emissions obtained from 
solid solutions of these compounds in PMP at 77° K. were identical. 
The common spectrum is assigned to phenyl chlorocarbene; it is at 
higher frequencies than that of phenyl carbene, and, as expected, 
exhibits more vibrational structure. In PMP the spectrum obtained 
was much weaker than in PH and the emission appeared to be of 
shorter lifetime.
The emission spectrum obtained from irradiated solid solu­
tions of N-4, 4 ' -dimethoxybenzohydrilidene benzyl amine in EPA at 
77° K. is shown in Figure 7. The structure is similar to that of 
the phenyl carbene spectrum, but the spectrum is at lower frequen­
cies. This spectrum is assigned to 4, 4 '-dimethoxybenzocarbene .
It is similar to the spectrum previously reported (19) as the phos­
phorescence spectrum of benzophenone, except that it lies at lower 
energies. Methoxy substitution commonly lowers the transition 
energies of the substituted compounds.
The emission spectra which were obtained from m-chloxo- 
toluene and m-bromotoluene were more diffuse and began at higher 
energies than that attributed to phenyl carbene.
The long-lived emission spectrum obtained from benzil
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Figure 6 . Phosphorescence obtained from irradiated (A)
Benzotrichloride in CPA and (B) Benzotrichloride 
and Benzoyl Chloride in PMP.
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showed one broad band in the green.
Figure 8 shows that phosphorescenee obtained upon irradia­
tion of 1,4-dibenzoyl butane in a rigid solution in CPA at 77° K. In 
Figure 9 is shown the phosphorescence spectrum obtained from 
benzoic acid dissolved in rigid CPA at 77° K.
No emission spectra were obtained from irradiated solutions 
of either benzal azine or dibenzoyl methane.
The long-lived emission that is common to solutions of benzyl 
chloride, benzal chloride, benzaldehyde, o-chlorotoluene, o-bromo- 
toluene, benzyl sulfide, benzyl ether, benzyl ethyl ether, and possibly 
o-iodotoluene is presumed to be that of a single species. This species 
must be obtainable from all the compounds, solutions of which yield 
the same emission upon irradiation. The common species is obtained 
from compounds that contain at least the group C^HsCH but not from 
those that contain only the group C^HsC, with substituents other than 
hydrogen on the substituted methyl group. This species probably can­
not be the benzyl radical, which would not be produced from benzalde­
hyde or benzal chloride. If it were C^HgC it should be obtained from 
benzotrichloride, benzoic acid, and possibly benzophenone and 
dibenzoyl butane; no traces of the common emission are found from 
solutions of these compounds; they have distinctly different emissions. 
Energy requirements minimize the possibility of the species being 
ionic. Consideration of the precursors suggests that the species is
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phenyl carbene, C^HgCH, a spin paired molecule that contains a divalent 
carbon atom. Independent experiments (68-72) have indicated that a 
spin paired carbene is more probable than the biradical or triplet form.
The nature of the observed emission supports the identifica­
tion of a spin paired carbene because the lifetime of the emission is 
long which is characteristic of a transition between states of different 
multiplicity. The transition from the excited state of a carbene to its 
ground state can be identified with the pairing of the unshared electrons. 
Discussion of this point will be extended later.
Production of phenyl carbene, C5H5CH, is probably a pri­
mary photochemical process in the case of the singly substituted 
benzenes. For the o-halotoluenes a mechanism similar to that sug­
gested by Porter and Wright (58) can be described. It is assumed 
that the relatively weak carbon?halogen bond is broken as a primary 
process, then a hydrogen atom migrates from the methyl group to 
the ring, and another hydrogen atom is dissociated from the methyl 
group, leaving two unpaired electrons on the substituent carbon atom; 
these then pair spins to form a relatively stable phenyl carbene. 
Migration of the hydrogen atom to the ortho position even in the rigid 
medium is not unreasonable because only a small vibration rather 
than a long translation would be required for it to assume the proper 
position. The other radicals that are produced may combine or re ­
main frozen in the general area where they are dissociated. No
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attempt has been made to identify permanent photolysis products; this 
would be difficult in such dilute solutions. The migration mechanism 
proposed here is supported by the observation that m-chlorotoluene 
and m-bromotoluene , in which relatively long translations (impossible 
in rigid media) would be necessary, give different spectra.
It seems certain that the species reported here is not the 
same as that reported by Norman and Porter (41, 42) and Porter and 
Wright (58) as the benzyl radical. Porter and Wright found that toluene 
(which gave the benzyl spectrum), benzal chloride, and benzotri- 
chloride each gave a different spectrum, and obtained no radical 
spectra from benzaldehyde or o^-chlorotoluene. Further, the benzyl 
spectrum they report is in fair agreement with energy levels calcu­
lated by Bingel (73) and Longuet-Higgins and Pople (74), although not 
in very good agreement with those calculated by Mori (75).
Since the experimental conditions for this work were similar 
to those of Norman and Porter, one would expect that the same species 
would be produced. Since both the benzyl radical and phenyl carbene 
are observed the question arises whether the species are produced 
independently or as products of a stepwise decomposition. The hypo­
thesis of stepwise decomposition has been suggested by Schuler and 
Michal (56), who found spectra that they attributed to benzyl and 
benzal radicals produced from benzene derivatives in a Schuler type 
discharge tube, and postulated a stepwise decomposition scheme, in
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terms of which thsy discussed the spectra observed. While this hypo­
thesis may be tenable in some caaes it cannot apply to benz aldehyde 
and benzal chloride* which readily yield the phenyl carbene spectrum 
when irradiated with ultraviolet light while dissolved in rigid media. 
The direct production of phenyl carbene. with subsequent formation 
of the benzyl radical by hydrogen abstraction from solvent molecules, 
seems unlikely. Therefore the data available indicate that benzyl and 
phenyl carbene are produced independently in rigid media.
The stepwise decomposition scheme suggested by Schuler and 
Michal (56) was used to identify the spectra they observed. The 
spectrum they report as the benzal radical spectrum is different from 
that reported here as the phenyl carbene spectrum; it lies at higher 
energies than that which they assign to the benzyl radical. The 
spectrum they report as the benzyl radical spectrum also differs 
from that found by Wright and co-workers. These spectra are prob­
ably erroneouely assigned.
In an experiment performed to learn how the phosphorescence 
spectrum of phenyl carbene is excited, three successive exposures 
were obtained from benzyl chloride beginning immediately upon i r ­
radiation, with each exposure of equal time. If phenyl carbene were 
produced by decomposition and subsequently excited by the absorption 
of light to produce phosphorescence, then one would expect that con­
secutive, equally timed exposures would show increasing plate
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blackening (at leas t  as long as only a sm all  amount of benzyl chloriue 
was decomposed). However, if phenyl carbene were produced in the 
excited  sta te  ( t r ip le t  s ta te ,  with unshared  e lec t rons  unpaired), then 
one would expect constant intensity of em iss ion  under the conditions 
specified . No differences were observed  in the in tensities of the 
em iss io ns .  Thus it appears  that the phenyl carbene is produced in 
the t r ip le t  s ta te ,  and then descends to the ground singlet state with 
the em iss ion  of the spec t rum  repor ted  here . Since the concentra tion 
of phenyl carbene is p resum ably  sm al l  additional emiss ion  resulting 
f rom  excitation  of phenyl carbene a f te r  its production may occur,  
but it is not recognizable because  of the predominance of the other 
m echanism .
By an argum ent exactly  analogous to that used e a r l i e r  the 
species  responsible for the em iss io n  observed  f rom  both b e n z o t r i - 
chloride and benzoyl chloride must be that of phenyl ch lo ro ca rb ene . 
The em iss ion  f rom  benzoyl chloride is even m ore  intense than that 
from benzaldehyde, and that f rom  benzotr  ichloride is less  intense, 
but m odera te ly  s trong.  The em iss io n  observed  from solutions in 
P M P  is s tr ik ingly  weaker than that f rom  equally concen tra ted  so lu ­
tions in EPA o r  PH. PM P  is a much le s s  r ig id  g lass  than e i the r  EPA 
or PH, as evidenced by the l e s s e r  degree of contrac tion upon cooling. 
The weakened em iss ion  in P M P is a t tr ibu ted  to ea s ie r  recombination 
of the f ragments  produced by photolysis, and supports  the assum ption
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that phenyl ch lo rocarbene  is form ed .  The vibra tional s t r u c tu re  of this 
s p e c t ru m  is m ore  complex than that of phenyl ca rb ene ,  but th is  in* 
c re a se  in s t ru c tu re  is a common re su l t  of halogen substi tu tion.
The e m is s io n  sp e c t ru m  obtained f rom  i r r a d ia te d  solutions 
of N -4, 4 ' - d imethoxybenzohydrilidene benzyl amine has a v ibra tional 
s t ru c tu re  s im i la r  to tha t  of phenyl c a rb en e ,  but is at  low er e n e rg ie s .
It is  as s ig n ed  to 4, 4 1 -d imethoxybenzocarbene by analogy with phenyl 
ca rb ene ,  and because  N-4, 4 ' -d imethoxybenzohydril idene benzyl amine 
has been shown to d issoc ia te  in re ac t io n  at  the c a rb o n -n i t ro g e n  bond 
(76, 77).
It s eem s  likely that the s p e c t ru m  previously  r ep o r te d  as the 
phosphorescence  of benzophenone ( 19) is ac tually  that of diphenyl 
ca rbene  B es ides  the blue e m is s io n  usual ly  found as  the long - l ived  
e m is s io n  f rom  benzophenone, F e rg u so n  and Tinson re p o r t  another  
long - l ived  em is s io n  in the g re e n  (78), which e m is s io n  is found to a p ­
p ea r  s t r o n g e r  with increas ing  concen tra t ion ,  re la t ive  to the blue e m i s ­
sion. The g re e n  em is s io n  is m uch  lo n g e r - l iv ed  than the blue.
F u r th e r ,  i t  has  been shown by S. Mims (unpublished work) tha t this 
g re e n  e m is s io n  in c re a s e s  in in tens ity  with t im e .  If the em is s io n s  
a r e  to be a t t r i b u t e d  to benzophenone, they a r e  e x t r e m e ly  difficult to 
explain; how ever , if it  is  a s s u m e d  that  diphenyl ca rbene  is  produced, 
and is responsib le  for the blue e m is s io n ,  then the g re en  em iss io n  
m ay  be a t t r ib u ted  to a recom bina t ion  p roduct ,  such as  te traphenyl
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ethylene. This interpretation exactly accounts for experimental obser­
vations, and offers strong support for carbene production by photolysis 
in rigid media.
No phenyl carbene was obtained from benzal azine, probably 
because it is impossible for this linear molecule to split out N£ in the 
rigid glass. It is noteworthy that benzyl amine does not give the phenyl 
carbene spectrum; instead it gives a phosphorescence similar to that 
of toluene (79).
Whether a molecule decomposes seems to depend on two 
things. First, its constitution must be such that it is possible to split 
out an atom in the rigid glass; groups such as NH£ or are too 
large. Second, the energy of the bond which is to break must be 
less than the energy of the triplet state of the molecule. These re ­
quirements explain why alkyl benzenes do not yield phenyl carbene 
when irradiated with ultraviolet light in rigid media; their triplet states 
have energies less than that of the C -H or C-C bond. At first, com­
pounds such as N-4, 4 1 dimethoxybenzohydrilidene benzyl amine might 
seem to violate these restrictions, but it must be remembered that 
these compounds are neither linear nor planar. The carbene would 
be expected to assume a linear configuration, and in this relaxation 
could achieve the required separation from the other fragments.
The behavior of the carbonyl bond is still a question; the repulsive 
nature of the excited state suggested by Mulliken and McMurray may
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be the key, but any argument presented here would be highly speculative.
The method of investigation used here permits the objection 
that the observed spectra could arise from a common impurity.
Schuler and Reinebeck (49) have shown that in a gas discharge tube 
the emission of benzaldehyde can be excited by extremely efficient 
energy transfer from benzene, even though the relative concentration 
of benzaldehyde is only 10*^  by volume. Therefore the possibility must 
be considered that in the case of the spectrum assigned to phenyl car­
bene, there might have been a common impurity of benzaldehyde in 
each of the compounds, even though each was extensively purified.
Of the variety of compounds chosen, it seems unlikely that each 
would have retained this impurity. Gach definitely contained less than 
the limit> of detection by infrared spectroscopy. Although benzene 
might transfer energy efficiently enough to excite very small amounts 
of benzaldehyde, it is improbable that each of the compounds which 
gave the common spectrum would have done so. Further, one would 
expect benzotrichloride, benzoic acid, m-chlorotoluene , m-bromo - 
toluene, and many other compounds to exhibit the benzaldehyde im­
purity as easily under the same conditions, not just those compounds 
that can yield phenyl carbene. Further, although the spectrum in 
question has been assigned to the phosphorescence of benzaldehyde 
previously, the agreement between it and the absorption of benzalde­
hyde is not very good. The lifetime of the emission is probably too
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sho r t  for a t r ip le t - s in g le t  em iss io n  of benzaldehyde, and the pi - n 
ass ignm ent  is untenable because  the change in energy  of the t ra ns i t ion  
on going from a le s s  polar to a m ore  po lar  solvent is opposite to what 
would be expected  for a pi - n t ra ns i t ion .  F inally ,  the analogous 
em iss io n  obtained f rom  both benzo tr ich lor ide  and benzoyl ch lo r ide ,  
and m os t  in tensely  f rom  benzoyl ch lo r ide ,  c e r ta in ly  cannot be ass igned  
to an im pur i ty  of benzoyl ch lor ide ,  a highly reac t ive  molecule that 
would hardly  p e r s i s t  as an im pur i ty ,  e sp ec ia l ly  in alcoholic solutions, 
f ro m  which the b e n z o tn c h lo r id e  e m is s io n  has been observed . The evi 
dence re q u ire s  that the s p e c t r a  d is cu sse d  here  be a ss ign ed  to phenyl 
ca rbene and r e la te d  spec ie s .
ELECTRONIC STATES OF 
ACENAFHTHENE, ACENAPHTHYLENE, AND FLUORANTHENE
An alternant hydrocarbon is one in which the conjugated atoms 
can be divided into two sets such that no two atoms of the same set, or 
of like parity, are directly joined. Among conjugated systems those 
molecules, and only those, which contain odd-numbered conjugated 
rings are excluded by this definition; these are called non-alternant 
hydrocarbons. While the electronic states of alternant hydrocarbons 
have been successfully investigated, both experimentally and theoreti­
cally, those of the non-alternants, as a class, are less well known and 
only poorly explained. Since a knowledge of these states and the transi­
tions between them is important in the study of molecular structure 
and reactivity, the research discussed herein was undertaken. The 
molecules studied were chosen because their structural relationships 
offered the possibility of related interpretations.
Pariser has made a theoretical study of the electronic 
spectrum and structure of asulene (80). A theoretical study of 
polarisation energies, bond localisation energies, resonance ener­
gies, and electronic spectra of azulene, fulvenes, and other non - 
alternant hydrocarbons has been carried out by Brown (81-84), who 
used a molecular orbital treatment. Pullman, Pullman, and Rumpf 
have studied the electronic structures of some fulvenes, using
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treatments based on resonance and molecular orbitals (85, 8 6 ). The 
theoretical investigation of acenaphthylene and fluoranthene has been 
carried out by Sandorfy (87, 8 8 ), who concluded that in molecules 
which contain "sub-molecules'* there are certain molecular orbitals 
in which the "sub-molecules" keep their independence and the ab­
sorption spectrum will show the absorption of the "sub-molecules. " 
In the research reported here this is confirmed experimentally for 
both absorption and emission spectra.
of molecules similar to those of this study have been reported by 
previous workers. Sidman (89) reported studies of pleiadienes in 
rigid glassy solution, in solid crystalline solution, and in single 
crystals. He found emission from acepleiadylene (I), but none from 
acepleiadiene (II). Beer and L>onguet-Higgins (90), Viswanath and 
Kasha (91), and Sidman and McClure (92) studied the electronic 
transitions of asulene (III) in various media; asulene was found to 
fluoresce from the second excited singlet state, but not to phos­
phoresce. Beer and Longuet-Higgins were not able to obtain any 
emission from dimethyl fulvene (IV).
Experimental investigations of some of the electronic states
(1 > <H) (in) (IV)
The m olecu les  for which s p e c t r a  a r e  r e p o r te d  h e re ,  acenaph-  
thene (V), acenaphthylene (VI), and f luoranthene (VII), have five- 
m e m b e re d  r ings  analogous to those of the above m entioned compounds
(VII)(VI)(V)
and offer additional oppor tunities for  tes t ing  exis ting  th eo r ie s  of m o le ­
cu la r  s t ru c tu re  tha t  have been  developed to expla in  the t r an s i t io n s  and 
reac t io n s  of these condensed hydroca rbons .  The re su l ts  of absorption  
and e m is s io n  s tud ies  in fluid and r ig id  solutions a re  r e p o r te d  here .
The r e s u l t s  a r e  co m p a re d  with those  of the plei&diene, azulene ,  and 
fulvene sy s tem s  and som e s t r ik ing  s im i la r i t i e s  and d if ferences  a re  ob­
se rv ed .  A com prehensive  in te rp re ta t io n  is suggested  to account for 
these s im i la r i t i e s  and d if fe rences .
Fig u re  10 shows the abso rp t ion  s p e c t ru m  of acen aph thene . 
F igu re  11 shows both the phosphorescence  ( P) and the f luorescen ce  
(F) em is s io n  s p e c t ra  of acenaphthene; the s p e c t r a  w ere  obtained on 
dif ferent  p la tes  and the in tens i t ie s  a r e  not co m p arab le .  As expected, 
only the f luo rescence  was obtained f ro m  fluid solutions  at room 
te m p e ra tu re .  Both phosphorescen ce  and f lu o re scen ce  were obtained 
by the use of l im i ted  f requency  excita t ion  or f luo rescence  method at 
77° K. Only the phosphorescen ce  was obtained by the use of the
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Figure 10. Absorption spectrum of acenaphthene m PH (2 .59  X 10"® m oles /1 . ) .
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phosphor ost  ope method at 77° K Both emiss ions  have been observed 
from both EPA and PH solutions. Excitation in e i ther  the 25^0-29^0 A 
or the 28*>0- 3400 X regions gave both emiss ions  The f luorescence 
spec t rum  is somewhat more  diffuse and appears  a* slightly lower f r e ­
quencies at the higher t em pera tu re  Upon going f rom rigid g lassy 
solution at 77° K to fluid solution at 23° C. there  is a decrease  m the 
relat ive intensi ty of the highest  energy  f luorescence band of the sys tem 
The phosphorescence spec t ra  obtained by the two different methods are 
i dentical
Figure 12 shows the absorpt ion spec t rum  of ac e naphthylene 
in PH at 2 3° C, The sp e c t ru m  is s im i la r  to that of acenaphthene but 
contains an additional long wavelength port ion that  is not p resen t  in 
acenaphthene.  The long wavelength absorpt ion  of a more concentrated 
solution of ace naphthylene in methyl  cbclohexane is shown in Figure 13 
for 15° and 70° C. There  is a de c r e a s e  in mtens^y  of the long wave­
length portion with increasing t em pera tu re .  There is no appreciable 
difference in the s p e c ' r u m  in a 1.1 mixture  of ethyl iodide and meti.vl 
cyclohexane as a solvent.  When pure ethyl iodide is used as a solvent 
the long wavelength portion is shifted slightly toward lower frequencies  
but not appreciab ly  changed in intensity.
No emiss ion  f rom acenaphthylene has been exci ted in spite 
of many d i rec ted  at tempts  to provoke it.
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Figure  13. T e m p e r a tu r e  dependence of the long wavelength 
absorp t ion  of acenaphthylene in methyl  cyclo-  
hexane (5. 00 X 10~^ moles /1 .  ).
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Figure 14 shows the absorption spectrum of fluoranthene in PH
at room temperature. A similar spectrum except for displacement to
lower frequencies was obtained at 77° K. Three distinct regions of
absorption, labeled I, II, and HI, were observed. Figure 15 shows the
emission spectra of fluoranthene in PH at 77° K. ; there appear to be
four distinct regions of emission, labeled Pj, p 2 > Fp and F2 * Excita-
- 3 - 1tion in the 29-35 X 10 cm range, in which parts of the two lower 
energy absorptions occur, caused all four of the emissions of Figure 15 
to appear from rigid glassy solutions at 77° K. When the phosphoro- 
scope was used only the emissions Pj and P were observed. When 
the excitation light was limited by the double quartz monochromator 
to energies in a narrow range around 29500 cm~^, only the emissions 
Pj and F} were definitely observed. The long-lived emission p£ 
seems to be absent; however, the overlap of P2 and Fj is so great 
and the intensity of P^ is enough less than that of Fj that it is possible 
that the P^ emission is hidden. Several of the peaks of the P2 emis­
sion occur in a region where there are no F} emission peaks and no 
trace of the P2 peaks is observed. Excitation by means of light 
limited by the monochromator to a narrow energy range around 
35700 cm ~ * caused the Fj, Fj, and F2 emissions to be observed 
definitely. The P2 emission is probably present also because one 
of its lines in a diffuse region of the F  ^ spectrum appears to be 
present upon visual observation of a plate that has good contrast;
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however, the evidence is far from unequivocal.
Table II lists the frequencies emitted by acenaphthene; Table III 
lists the frequencies emitted by fluoranthene.
The emission spectra of acenaphthene (Figure 11) are exactly 
what one would predict. They are very similar in energy to the naphtha­
lene emissions (93). In both cases the acenaphthene emissions are at 
slightly lower energies than those of naphthalene and thus show the ex­
pected red shifts. The acenaphthene spectra differ from those of 
naphthalene in vibrational structure, as would be expected. The de­
crease in energy of the acenaphthene fluorescence on going to higher 
temperature can be attributed to higher energy of the ground state in 
fluid media at 23° C. than in the rigid medium at 77° K. A decrease 
in relative intensity of the highest energy band on going from the rigid 
solution at 77° K. to the fluid solution at 23° C. results from the 
difference in distribution over the vibrational levels of the ground 
s tate.
The absorption spectrum of acenaphthylene is somewhat similar 
to that of acenaphthene. Both have high energy bands peaked at about 
43500 cm~* and both have another band system in the 33300 cm~* 
region. In acenaphthylene the latter band system extends further 
toward the red than does that of acenaphthene. Acenaphthylene is 
yellow and has an additional band system that acenaphthene does not 
have; this absorption system has low molar extinction coefficients of 
the order of magnitude of 100.
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TABLE II 
Frequencies Emitted by Acenaphthene
Fluorescence spectrum___________________________Phosphorescence spectrum
3 1070 cm" ^ (1) 2 1040 cm
30530 (2) 20540
30040 <3> 19830
29650 (4) 19650
29130 (5) 19260
28600 (6) 19140
28260 (7) 18460
27790 (8) 18250
27200 (9) 17720
269 10 (10) 16760
(11) 15670
(12) 15380
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TABLE IU 
Frequencies Emitted by Fluoranthene
Fluorescence spectra
24590 c m '1 (1) 28310
24100 (2) 26910
23480 (3) 26760
23020 <4) 25540
21560 (5) 25430
20230 (6)
18930 (7)
Phosphorescence spectra
18520 cm"1 (1) 21430
17950 (2) 21020
17000 (3) 20620
16540 (4) 19830
16370 (5) 19410
15550 (6) ’9000
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The low intensity of the absorption and the fact that a second 
classical structure involving the bridge atoms can be written only for 
a triplet structure suggested that this absorption in the visible region 
might be a singlet-triplet absorption. An attempt to observe inter - 
molecular spin-orbital perturbation enhancement (27) of this absorption 
was unfruitful, and thus it is doubtful that the first absorption band of 
acenaphthylene is a singlet-triplet absorption.
Acenaphthylene is a non-alternant hydrocarbon, and resonating 
classical structures that contain two unpaired electrons can be written 
for it. This suggests that a triplet state only slightly more energetic 
than the singlet state is reasonable. It is thus conceivable that the 
transition that is responsible for the yellow color is a triplet-triplet 
absorption. However, one might expect the magnitude of this absorp­
tion to increase with temperature unless the energies of the lowest 
singlet and lowest triplet states are so nearly the same that thermal 
excitation even at 77° K. gives a high population of the triplet state. 
There is no obvious change in the visible absorption upon cooling 
from room temperature to 77° K. It is possible that the first ab­
sorption band is a singlet-singlet just as Sidman (89) assigned the 
first band in acepleiadylene, but this assignment is not totally satis- 
fying because it seems probable that there would be considerable 
mixing of the triplet and singlet states at the ground level. If the 
absorption is from the acenaphthylene molecule, one intuitively
52
prefers the triplet-triplet explanation or some modification thereof.
There is also the possibility that the first absorption of 
acenaphthylene does not arise from the molecule itself. Besides the 
ever-present, but doubtful, possibility that it arises from an impurity, 
there is another more plausible explanation. A kinetic study of the 
photochemical dime riz at ion of acenaphthylene was carried out by 
Bowen and Marsh (94), who were able to fit the empirical data with 
a rate expression which could be derived from a reaction scheme that 
involved the presence, in equilibrium, of van der Waals complexes of 
two molecules of acenaphthylene. This derived rate expression in­
dicated a negative temperature coefficient and a lack of viscosity 
effect, in accord with experimental observation. One might consider, 
then, whether the absorption in question arises from the van der Waals 
complexes in solution. The decrease in absorption with increasing 
temperature, as shown in Figure 13, and perhaps the increase in in­
tensity of the neighboring higher energy band are exactly what would 
be expected if the long wavelength band were that of the van der Waals 
complex. Indeed, the slight shift to the red would also be expected. It 
seems probable, therefore, that the long wavelength absorption should 
be assigned to a van der Waals complex of acenaphthylene molecules.
It must be pointed out, however, that the same rate expression can be 
derived from the assumption that singlet and triplet molecules exist 
in equilibrium, or even photo-equilibrium (95, 96).
5 ^
No emiss ion  from acenaphthylene has been observed.  E m i s ­
sion from a higher energy exci ted state was suspected,  but excitation 
in the 44500 cm  ^ region using the quartz double monochromator  
caused no emiss ion  f rom a higher electronic state of the kind found in 
azulene {90-92). Beer  and Longuet - Higgins (90) suggest that the 
triplet, state l ies above the singlet  and is depopulated by internal con­
vers ion in the case of azulene.  This does not explain why no emiss ion  
of any kind is observed from acenaphthylene.  Viswanath -mil Kasha 
(9 1) suggest  that, the azulene phosphorescence was not observed be 
cause it lay in the in f ra red  beyond the range of the detectors  used 
This may be the case for acenaphthylene.  but such a low-lying state 
could be easi ly  depopulated by radiationle s s conversion to *he ground 
state.  Poss ible  emiss ion  in the in f ra red  is to be sough*.
Sidman (89) found emiss ion  f rom ace pie ladylere and none 
f rom acepleiadiene while here an emiss ion  is found from aceraph-  
thene and none from acenaphthylene A superficial  inspection of 
just  the f i v e -  m em hered  rings of these compounds migh* indica*»- 
that these a re  conflicting resul ts ;  however,  if Huckel 's  rule (97. 89) 
is applied to the p e r im e te r s  of these hydrocarbons ,  it is found tha* 
acenaphthene and ace pi e ladyl e ne sat isfy the requi rement  for a r o m a ­
tic lty that there should be (4n -* 2) pi e lec t rons  while acenaphthylene 
and acepleiadiene do not sat isfy the rule.  If extension of this idea is 
made to include azulene which has an emiss ion  and dimu»<i>i
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fulvene,  for  which B e e r  and Longuet-Higgins  r e p o r t e d  that  no e m is s io n  
could be obtained,  the g en e ra l  p r inc ip le  can be developed that  non- 
a l t e r n a n t  hyd roca rbons  without a r o m a t i c  p r o p e r t i e s  will  not em i t  l ight .  
This  ru le  is  not a lways valid,  as will be s een  in the d i scu s s ion  of 
f luoranthene .
In gene ra l ,  not m o r e  than one f l u o r e s c e n t  » and one phospho­
r e s c e n c e  a r e  obtained f ro m  each  molecu le  (19, 23). Usually these  
e m is s io n s  have as the i r  o r ig in  the lowes t  exc i ted  s inglet  s ta te  and 
lowes t  t r i  plet s ta te ,  r espec t ive ly .  It a p p e a r s  that  f luoranthene gives  
two of each  kind of e m is s io n .  This im m ed ia te ly  m ak es  one suspec t  
the pur i ty  of the sam p le .  R e c ry s t a l l i z a t i o n  and  fo rm at ion  of the 
p i c r a t e ,  which was then r e c r y s t a l l i z e d ,  fol lowed by r e g e n e r a t io n  and 
r ec  ry s t a l l i za t ion  of the f luoran thene  ca u se d  no change m the r e s u l t s .  
When the f luoranthene was then c h r o m a t o g r a m m e d  and co l lec ted  in 
th r e e  f r ac t io n s ,  each  gave r e s u l t s  ident ica l  with those  p rev ious ly  o b ­
tained.  It s e e m s  unlikely tha t  the amount  of impur i ty  would r e m a in  
e s s e n t i a l l y  the same throughout  al l  the pur i f ica t ion  opera t ions .
The abso rp t ion  s p e c t r u m  of f luoranthene (F igu re  14) has 
bas ic  s i m i l a r i t i e s  to those of acenaphthene  and acenaphthylene 
( F i g u r e s  10 and 12) in the high and low f requency  reg ions  but  d i f fers  
f r o m  them  by having a new band s y s t e m ,  l abe led  II in F igure  14.
This band  s y s t e m  is s i m i l a r  in en e r g y  to those  found for a  benzene  
r ing fused  to a  f i v e - m e m b e r e d  r ing ,  as  for  example  those of
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hydnndene and indene (13). Fur ther ,  f rom 1, 2 , 3 , 4 -to t rahydt of luora n - 
thene bands analogous to II and III a r e  observed,  but none analogous to 
I (98). We can tentatively associa te  the central  band sys tem I I ,  With 
t.he benzene ring of f luoranthene,  band I with the naphthalene ring and 
band III with higher t ransi t ions  of both port ions.  This is in e x c e l l e n t ,  
ag reem en t  with the theoret ical  resu l t s  of Sandorfy (88) that " sub ­
molecules"  can keep their  independence and show their absorpt ion 
spec t ra  in the absorpt ion spec t ra  of the molecules that, contain them
Excitation in the region around 29500 cm * gave only the 
lower energy phosphorescence P j  , and f luorescence F j .  Since 
absorpt ion in region I occurs  m the naphthalene derivat ives and no' 
in the analogous benzene der ivat ives ,  it seems  reasonable to associa te  
the absorption region I and the low energy phosphorescenc.e P |  and 
f luorescence F j  p r imar i ly  with the naphthalene part  of the molecule 
These emiss ions  occur at appreciably lower energies  than the c o r r e ­
sponding ones of naphthalene der ivat ives ,  but since interact  on w. ’ h 
the benzene ring seems cer ta in  this is not unexpected.
Excitation around 35700 cm  ^ in region II which we lave
assoc ia ted  with the benzene ring gave all the emiss ions  instead of
only the high energy emiss ions  P^ and F^ which one would t.enf.ahve'y
associa te  p r im ar i ly  with the benzene par t  of the fluoranthene molecule,
Acenaphthene and acenaphthylene both absorb  m the 35700 cm  ^ region
also; it is probable that both par ts  of the molecule a re  exci ted inde ­
pendently
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If the assignments are correct it should be possible to associate 
the two fluoresceacences with the two absorptions. Careful examination 
of the spectroscopic plates indicates that very faint absorptions occur in 
concentrated fluoranthene solutions at 77° K. that are not apparent in 
region I of Figure 14. These bands may be a weak part of the region 
I absorption or may be a separate weak transition of the kind that ap­
pears in naphthalene {93); nevertheless, they extend toward the red far 
enough to show near coincidence of the highest energy emission band of 
F} and the lowest energy absorption band of this weak absorption system. 
Fluorescence F^ overlaps the region I absorption; the highest energy 
F^ band occurs exactly at a minimum in the region I absorption. In 
Figure 16 are shown the absorption and emission spectra of fluoran­
thene drawn together for comparison. It appears significant that 
there are two unusually long intervals in the F^ emission where no 
lines occur. These intervals in the F2 emission coincide exactly 
with region I absorption bands. It is therefore believed that a higher 
energy portion of is obscured by self absorption by the sample. If 
this region could be observed, it seems probable that it would match 
the region II absorption. All the emissions appear to be those of 
fluoranthene. There appears to be supporting evidence from the 
infrared spectrum of fluoranthene. Analysis indicates that infrared 
vibrational intervals of fluoranthene occur in all four emission 
spectra.
cm X 10
F ig u re  16. E m i ^ ; o n  and abso rp t ion  s p e c t r a  of f luoranthene .
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The association of the emission spectra with the regions of ab­
sorption of the benzene-like and naphthalene-like parts of the fluoranthene 
molecule is strong evidence that, analogously to their behavior in absorp­
tion, "sub-molecules'* can retain their independence and the emission 
spectra of the molecule will then show the emission bands of the "sub- 
molecules. "
Application of Huckel's rule to the perimeter of the fluoranthene 
molecule indicates that it should not be aromatic and no emission might 
have been predicted. Insufficient evidence is available, but it seems 
possible that the rule for predicting light emission might be valid if we 
eliminate those systems in which the non-alternant hydrocarbon is made 
up by the junction of two independently aromatic systems. The behavior 
of "sub-molecules" in such systems, as demonstrated both theoretically 
and experimentally, necessitates this additional condition.
It might be questioned why the higher energy fluorescent or 
phosphorescent state does not descend to the lower by internal conver­
sion. The molecular orbitals characteristic of the benzene-like and 
naphthalene-like portions of the fluoranthene molecule have high 
symmetries with respect to the part of the molecule in question, but 
not with respect to the molecule as a whole. Therefore, there would 
be required a transition through a state of relatively high energy in 
order to undergo internal conversion to the lower level. This energy 
barrier, which arises from considerations of symmetry, acts to
prevent, or at least greatly retard the radiationless, and possibly the 
emissive, combination of the Msub-molecular11 states. It is to be ex - 
pected that some other molecules which are formed by the junction of 
independently aromatic systems will also show multiple fluorescences 
and phosphorescences.
ELECTRONIC STATES OF FLUORENE, DIBENZOFURAN.
DIB ENZ OTHIOPHENE, AND C ARB A Z OLE
Isoelectronic molecules are usually defined as those which have 
the same number of extranuclear electrons. Of the molecules to be con­
sidered here, fluorene, dibenzofuran, and carbazole are isoelectronic.
If only valence electrons are considered, dibenzothiophene is also iso­
electronic with the other molecules. Isosteric molecules are usually 
defined as those which have the same number and configuration of extra- 
nuclear electrons and atomic nuclei. None of the above molecules is 
isosteric with any other if all extranuclear electrons are considered; 
however, if only valence electrons are considered, dibenzofuran and 
dibenzothiophene are isosteric.
It has been shown by Nauman (79) that there exists an ex­
tremely close similarity of phosphorescence spectra of molecules which 
are isosteric and that the phosphorescence spectra of molecules that are 
only isoelectronic are often quite similar, but not always. For example, 
the phosphorescence spectra of fluorene, dibenzofuran, carbazole, and 
the carbazolinium ion show close similarity. Since the spectra were so 
similar the possibility of a common impurity could not be completely 
ignored. In other molecules, for example, toluene, aniline, and the 
anilinium ion, the isosteres gave quite similar phosphorescences, but 
molecules which were only isoelectronic gave dissimilar phosphorescence
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spectra.
Whether analogous correlations exist among fluorescence 
spectra has not been determined, nor has it been shown whethex mole* 
exiles which are isoelectronic only with respect to valence electrons, or 
isosteric in the same manner, also exhibit close resemblance of phos­
phorescence or fluorescence spectra. One of the objectives of t^.s 
study was to investigate these possibilities.
The number of molecules for which both fluorescence and 
phosphorescence may be readily observed is limited, and only in rela­
tively few cases has the relation between fluorescent and phosphorescent 
energy levels been studied. Lewis and Kasha have reported the differ­
ence in fluorescent and phosphorescent energies fpr carbazole and re ­
marked on the dissimilarity in vibrational structures of the two emis­
sions; differences in fluorescent and phosphorescent energies of some 
other molecules has been reported by Kasha (23). In like manner a few 
cases have been reported incidentally to other research. The molecules 
studied here offer an excellent opportunity to investigate these differ­
ences and to determine whether they may be closely correlated with the 
structural relationships of the molecules.
Since both fluorescence and phosphorescence spectra were de- 
teriui i for the samples studied, and often obtained simultaneously, 
the results provide evidence that the similar phosphorescence spectra 
are not to be attributed to a common impurity.
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The absorption spectra of fluorene, dibenzofuran, carbazole, 
and dibenzothiophene are available in the literature ( 13 98).
The fluorescence and phosphorescence spectra of fluorene are 
shown in Figures 17 and 18, respectively. The fluorescence and 
phosphorescence spectra of dibenzofuran are shown in Figures 19 
and 20, respectively. The fluorescence and phosphorescence spectra 
of dibenzothiophene are shown in Figures 21 and 22, respectively.
The fluorescence and phosphorescence spectra of carbazole are shown 
in Figures 23 and 24, respectively. For purposes of comparison the 
absorption and emission spectra of the above compounds are shown 
together in Figure 25. All the emission spectra were obtained from 
CPA solutions.
The phosphorescence spectra of carbazole and dibenzofuran 
agree well with those reported by Nauman (79); the phosphorescence 
spectrum of fluorene shows a somewhat different structure. Except 
for the presence of extra bands the fluorene phosphorescence spectrum 
reported by Nauman has the same structure as the carbazole while 
that reported here, while somewhat similar, is distinctly different 
in some aspects. Probably the sample used by Nauman contained a 
small amount of carbazole impurity, and therefore gave bands from 
both the fluorene and the carbazole phosphorescence spectra.
The phosphorescence spectrum of dibenzothiophene lies at 
the same energy as the other phosphorescences and shows a similar, 
though distinct, vibrational structure.
PL
AT
E 
B
L
A
C
K
E
N
IN
G
f>3
3230
c m ' 1 X 10-3
Figure 17. Fluorescence spectrum of fluorene-
PL
A 
IE 
B
L
A
C
K
E
N
IN
G
*4
20 24
c m -1  X 1 0 ~ 3
F ig u r e  18. P h o s p h o r e s c e n c e  s p e c tr u m  o f f lu o r e n e .
PL
AT
E 
B
L
A
C
K
E
N
IN
G
30 32 34
cm"1 X 10*3
F ig u r e  19 . F lu o r e s c e n c e  s p e c t r u m  o f  d ib e n z o fu r a n .
PL
AT
E 
B
L
A
C
K
E
N
IN
G
66
22 24
cm*^ x 10*^
F ig u r e  2 0 . P h o s p h o r e s c e n c e  s p e c tr u m  o f d ib e n z o fu r a n .
PL
AT
E 
B
L
A
C
K
E
N
IN
G
67
27 29 31
c m ' 1 X 10"3
F i g u r e  2 1 .  F l u o r e s c e n c e  s p e c t r u m  o f  d ib e n z o t h io p h e n e .
PL
AT
E 
B
L
A
C
K
E
N
IN
G
20 22 24
c m -1 X 10~3
F i g u r e  2 2 .  P h o s p h o r e s c e n c e  s p e c t r u m  o f  d ib e n z o t h io p h e n e .
PL
AT
E 
B
L
A
C
K
E
N
IN
G
69
26
c m " 1 X I0“3
F ig u r e  2 3. F l u o r e s c e n c e  s p e c t r u m  o f  c a r b a z o l e .
PL
AT
E 
B
L
A
C
K
E
N
IN
G
70
20 22 24
cm "1 X 10-3
F ig u r e  2 4 .  P h o s p h o r e s c e n c e  s p e c t r u m  o f  ca .rb a .zo le .
Fluorene
D ibenzofuran
D ibenzoth iophene
C a rb a z o le
20 2b 30 35 40
cm * X 10 ^
Figur e 25. E lectronic spectra of fluorene dibenzofuran. ubenzothiOpnene. and carbazoie,
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Contrary to the phosphorescence energy levels, the fluorescence  
energy levels are all quite different, except for fluorene and dibenzofuran, 
which have almost the same energy. No two fluorescences have the same 
vibrational structure, not do their structures bear any close resemblance 
to those of their phosphorescences. The c losest similarity of fluores­
cence and phosphorescence vibrational occurs in the case of fluorene, 
for which the fluorescence spectrum has a vibrational structure that 
slightly resem bles the phosphorescence bands somewhat blurred to- 
gethe r .
A line energy level diagram of the electronic states of these 
molecules is shown in Figure 26. The energies of the highest, energy 
phosphorescence bands, fluorescence bands, and the differences be­
tween these are presented in Table IV. The values for fluorene and 
dibenzofuran are almost the same; the others are quite different.
For carbazol Kasha (23) reports a fluorescence-phosphorescence  
energy difference of 4600 cm a value not too different from that 
reported here. McClure reports a fluorescence-phosphoresct  nee < r ,ergy  
difference for fluorene of 9450 cm -  ^ (25); the triplet state energy used 
in his calculation is believed to be erroneous.
For no two compounds are the electronic states the same, 
except for fluorene and dibenzofuran, which have sim ilar energies, 
but distinctly different vibrational structure. This shows that the 
em issions do not all come from a common impurity, as had been
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Figure 26. Energy levels of fluorene, dibenzofuran, 
dibenzothiophene, and carbazole.
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TABLE IV
The Energy Levels of Fluorene, Dibenzofuran, 
Dibenzothiophene, and Carbazole
Compound ^  -1 cm *♦ - icm cm ”
Fluorene 33150 24490 8660
Dibenzofuran 33120 24500 8620
Dibenzothiophene 30350 24330 6020
Carbazole 29200 24550 4650
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suspected on the basis of only the phosphorescence spectra.
Since the phosphorescent energy levels are about the same for 
all the compounds it may be tentatively concluded that for some mole­
cules which are isoelectronic with respect to only the valence electrons 
the energies of the triplet states are quite similar. Although only di­
benzofuran and dibenzothiophene are isosteric, as defined above, con­
sidering only valence electrons, the spectral similarities are ob­
served; this differs from observations on other systems. Possibly 
the planarity of these molecules lessens the isosteric requirements; 
systems which have shown different behavior did not contain planar 
molecules* It has also been suggested that the molecules discussed 
here have similar resonances in the ground state and similar triplet 
state configurations <79).
It is possible that the molecules have triplet state configura­
tions such as
where X may be CH£» O, S, or NH. In such a state the influence of 
X would be small, especially for isoelectronic molecules; this may 
relax the isosteric requirement.
Ordinarily the vibrational structure of an emission spectrum 
is determined by the configuration of the lower state; however, if the
X
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configuration of the upper state is sufficiently different, it may cause 
quite a different vibrational structure to be shown. If one compares 
the absorption, fluorescence, and phosphorescence spectra of these 
compounds, one finds closer similarity between the absorption and 
fluorescence spectra than between any other pair. This implies that 
the configurations of the ground state and the first excited singlet 
state are more similar than the triplet state is to either of them.
The vibrational structure of the phosphorescence spectra, then, are 
determined by the extreme configuration of the triplet, which probably 
is that drawn above. As is usually found in such cases, the extreme 
configuration of the excited state causes increased complexity of the 
spectrum.
The fluorescence energy of fluorene is about the same as 
that of dibenzofuran, but its vibrational structure is quite different; 
carbazole and dibenzothiophene differ both in energy and structure. 
Charged resonance structures would be expected to have little 
importance in fluorene and less in dibenzofuran than in dibenzothio- 
phene and carbazole, in which the influence of charged resonance 
structures is thought to be relatively large. The effect of charged 
resonance structures is to lower the energies of singlet states, the 
higher states being affected more than the ground state. The varia­
tion in fluorescence energy levels thus seems to depend, at least in
part, on the influence of charged resonance structures. The varia­
tion in fluorescence energy is seen to correlate with this effect.
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Probably there are other effects which also are of importance.
From Table IV it can be seen that the variation in the dif­
ferences between fluorescent and phosphorescent energy levels is 
the same as that observed for the fluorescence energy levels. The 
same explanation applies here; since the phosphorescence energy 
levels are almost the same, any difference between the fluorescent 
and phosphorescent energy levels is determined by the fluorescence  
energy levels.
It appears that there need be no close relation between fluo­
rescence spectra of molecules that are isoelectronic or isosteric .
It may be that molecules which are isosteric  with respect to all 
extranuclear electrons would show such s im ilar ities , but this 
probably is not to be expected.
SUMMARY
When an organic molecule is excited electronically by the 
absorption of ultraviolet light, many subsequent processes may o c ­
cur. If the excited state is unstable the molecule may dissociate into 
radicals or ions, and these products may undergo electronic transitions 
which may be detected. The other possible processes include f luores­
cence, the transition from the first excited singlet state to the ground 
singlet state, and phosphorescence, the transition from the lowest 
triplet state to the ground singlet state. If higher states are excited, 
there may occur internal conversion to a lower state of the Bame 
multiplicity. In many cases there may occur intersystem  crossing  
from the lowest excited singlet state to the lowest triplet state of 
the molecule. Still other processes are possible, but this r e s e a r c h  
is concerned primarily with those mentioned above.
The same phosphorescence spectrum is observed from i r ­
radiated solid solutions of benzyl chloride, benzal chloride, benzal- 
dehyde, >0 -chlorotoluene, o-bromotoluene, benzyl sulfide, benzyl 
ether, benzyl ethyl ether, and possibly o-iodotoluene at 77° K. This 
spectrum has been assigned to phenyl carbene, a photolysis product, 
and evidence has been presented to support this identification A 
common em ission from benzotrichloride and benzoyl chloride under
78
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the same conditions has been attributed to phenyl chlorocarbene, and 
also supported by evidence. Furthermore, under the same conditions, 
N-4, 4,-dimethoxybenzohydrilidene benzyl amine has been shown to 
yield N-4, 4 '-dimethoxybenzocarbene. It has been suggested that the 
emission from benzophenone be reassigned to diphenyl carbene. A 
comparison of these results with those of other workers has been 
made and conditions stated under which dissociation may be expected.
The emission and absorption spectra of acenaphthene, 
acenaphthylene, and fluoranthene have been obtained from both fluid 
solutions at room temperature and rigid glassy solutions at 77° K. 
Acenaphthene gives the expected fluorescence and phosphorescence 
similar to those of naphthalene in energy and different from those 
of naphthalene in the detail of vibrational structure. No emission 
has been found from acenaphthylene. A long wavelength absorption 
observed in the acenaphthylene spectrum has been assigned to a van 
der Waals complex of acenaphthylene molecules. Two fluorescences 
and two phosphorescences have been obtained from fluoranthene.
These emissions of fluoranthene are believed to be real and caused 
by independent excitation of the naphthalene -like and benzene-like 
parts of the molecule; however, the interaction between these parts 
is considerable. This interaction is sufficient to displace the emis­
sions of both parts to lower frequencies than those that the emission 
of each part, if independent, would show. Analogous effects are
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observed in the absorption spectra. Corresponding absorption bands 
of fluoranthene have been assigned to transitions involving the 
naphthalene-like and benzene-like parts. The assignment of the 
transitions of fluoranthene are supported by theoretical considera­
tions. These results are summarized along with those of azulene, 
the pieiadienes. and dimethyl fulvene, and a tentative principle, based 
on Huckel's rule for aromaticity, is stated for the prediction of the 
occurrence of light emission by non-alternant hydrocarbons.
The electronic states of fluorene, dibenzofuran, dibenzothio- 
phene, and carbazole have been studied and interpreted. The influ­
ence of structural relationship on similarity of spectra has been 
discussed. All four molecules show triplet states of about the same 
energy, but exhibit different energies for the first excited singlet 
states. The phosphorescence emissions have similar vibrational 
structures, but the fluorescence emissions show quite different vi­
brational structures. The differences in energies between the first 
excited singlet states and the triplet states have been found to vary 
in the same manner as the fluorescence energy levels, since the 
triplet levels are almost equal in energy. A triplet state configura­
tion for these molecules has been suggested which explains why their 
phosphorescence spectra are so similar. The variation in fluores­
cence energies has been explained on the basis of the influence of 
charged resonance structures on the electronic energy levels. It has
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been shown that isoelectronic, and especially isosteric, molecules have 
similar phosphorescence spectra in some cases, even when only valence 
electrons are used for classification, but that similarity in spectra does 
not extend to fluorescence spectra.
The results reported here provide information about the 
electronic structures of some specific compounds, and about some 
transient species which may be extremely important in some specific 
reactions. The conclusions reached here have made possible the more 
precise statement of existing theories of molecular electronic spectra, 
and in some cases have provided new ones. Many of the conclusions 
reached here are the most applicable under the circumstances, but 
still are tentative, and may require revision in the future.
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